Introduction
During recent years a lot of results on segregation of metal oxide components to the surfaces of perovskite electrodes for solid oxide cells (SOC) have been published. The electrodes are typically of the families (La 1-x Sr x ) s MO 3 , M = Mn, Fe, Co, Ni with 0 < x < 1, and the so-called A/B ratio, usually 0.9 < s < 1.1. M may in principle be a mixture of all four metals, and the mentioned transition metals are only examples. Especially SrO segregations have been reported, but other of the components of the perovskite may also segregate to the surface as well as impurities present in the raw materials. Finally, impurities from surroundings and reactant gases may adsorb to the surface of such electrodes (1 -7) . Not surprisingly, this has resulted in a big scatter of reported data for measurements of polarization resistance for the electrochemical oxygen exchange measured on model electrodes as illustrated in Fig. 1 (8) .
It has been suggested by Yokokawa (9) that the observed SrO segregation is related to the vacuum based ex situ analytical tools such as low energy ion scattering (LEIS), Xray photoelectron spectroscopy (XPS) and time of flight secondary ion mass spectrometry (TOF-SIMS) indicating that the observed segregation forming a thin surface layer might not have happened in atmospheric air at SOC operation temperatures.
As mentioned, the literature results on performance of perovskite based SOC oxygen electrodes are in general quite scattered, so the issue of what is on the perovskite surface, from where it originates, and how and why segregation takes place, is still open for discussion. The aim of this paper is to add some points to this discussion with a main emphasis on impurities as SiO 2 in/on the YSZ, and Cr and S compounds in/on the LSCF perovskite. 
Experimental
Two types of perovskite materials were investigated; one type was in form of a sintered pellet, the other type was in form of thin films and of sintered pellets. The type and degree of segregation from thin surface layers in early stages to µm big surface particles after 200 h at SOC operation temperatures was studied. LSF La 0.6 Sr 0.4 FeO 3 (LSF) powder from Kusaka Rare Metals were pressed to a pellet, sintered for 4 h at 1300 °C and polished and cleaned thoroughly. This was used for segregation studies at room temperature in vacuum.
LSCF
La 0.58 Sr 0.40 Co 0.20 Fe 0.80 O 3 (LSCF) powder from H. C. Stark was used for both types of LSCF samples. The powder was analyzed for impurities by glow discharge mass spectrometry (GDMS). The results are shown in Table 1 . 
LSCF Pellets
The LSCF powder was used to prepare pellets to study segregation in air. The pellets were pressed and sintered for 12 h at 1250 °C and then polished before being heat treated.
LSCF Thin Films
The LSCF powder was used to prepare a target for PLD by pressing and sintering for 2 h at 1200 °C. Polycrystalline 8 mol% yttria-stabilized zirconia (YSZ) (TZ8Y, Tosoh) pellets were prepared for pulsed laser deposition (PLD) of LSCF. The YSZ pellets were pressed and sintered for 2 h at 1500 °C and polished, ending with 0.1 µm diamond paste and then thoroughly cleaned before deposition. They were 9 mm in diameter and 1 mm thick.
LSCF thin films were deposited with a steel shadow mask, producing circular macroelectrodes with a diameter of 5 mm. Thicknesses were measured with a Dektak 3030 Surface Profile Measuring System and were 495 ±5 nm. The films were deposited at 650 °C and with pO 2 = 10 -5 mbar with a laser energy of 220 mJ, and a frequency of 30 Hz. Deposition time was 45 min. Figure 2 shows a picture of an LSCF film deposited on a YSZ pellet. Figure 2 . Top view photo of one of the YSZ pellets with LSCF film (S2D). The diameter of the YSZ pellet is 9 mm, and that of the LSCF film is 5 mm. The LSCF thickness is 495 ±5 nm in the uniform darkest area. The thinner areas are caused by shadow mask drift during deposition.
Characterization
A variety of surface analysis methods were used to characterize either the surface of the pellets and/or the thin films: time-of-flight secondary ion mass spectrometry (TOF-SIMS), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). The thin films were characterized after deposition (as-deposited, 45 min. at 650 °C), after sintering (as-sintered, 10 h at 680 °C) and after heat treatment (200 h at 680 °C). Sintering and heat treatment was carried out in synthetic air (pure N 2 +O 2 ).
Results and Discussion

Possible Effect of Room Temperature Vacuum on LSF Surface
In order to clarify the effect of ultra-high vacuum (UHV) on surface segregation, a polished LSF pellet was placed in the XPS chamber (10 -8 mbar) and a depth profile was acquired ( Fig. 3a ) The depth profile shows that the outermost surface does not show bulk composition. The depth profile was continued until La, Sr and Fe were constant and this was assumed to be bulk composition and is ~20 nm below the surface. The surface region down to a depth of ca. 10 nm is clearly enriched in Sr and depleted in La, while the Fe was not deviating much from the Fe concentration in the bulk. This might be interpreted as the surface region consists of LSF enriched in Sr and depleted La. The sample was left in UHV for 100 h and then the depth profiling was continued. Both La, Sr and Fe show stable concentrations (Fig. 3b ). Within the detection limit of the XPS (~0.1 atom%) no measurable Sr-or La-segregation was found during 100 h in vacuum at room temperature. 
LSCF Thin Films on 8YSZ
The LSCF thin films were deposited on YSZ which has a typical Si content of 10-20 ppm. During sintering the Si segregates to grain boundaries and triple points as imaged in Fig. 4 . Other impurities such as Na and K show a similar distribution, and this probably means a glassy silicate phase (13) . The LSCF thin films were thoroughly characterized chemically with TOF-SIMS to study the segregation of host and impurity elements to the surface. TOF-SIMS imaging of the entire pellet surface ( Fig. 5 and 6) shows that the as-deposited electrode surfaces are free from impurities and contain only host elements. Impurities such as Na, K, and Ca are present on the YSZ surface and may originate from the pellet preparation despite the cleaning procedure. During sintering and subsequent heat treatment the segregation of Sr increases clearly, and La increases significantly in the rim region during the 200 h heat treatment. Fe, and in particular Co, display decreasing intensity with time while at 680 °C (Fig. 5 ). Fig. 6 shows that the as-deposited film is free from Na, Si and Cr. Si appears on the YSZ surface, and the Cr-content of the film surface increases during the heat treatment. Both observations are supported by XPS measurements. The LSCF powder contains both Si and Cr as impurities according to the GDMS analysis. More detailed TOF-SIMS images in Fig. 7 show that the Cr is not distributed homogeneously on the film surface but it appears in particles together with Sr and the impurity element, K, but specifically not with La. Further, less intensity of Na and Fe is seen in the particles than on the rest of the electrode surface. SEM micrographs of the three differently treated thin films in Fig. 8 confirm that particles appear on the surface of the LSCF during sintering, and that they grow significantly during heat treatment to become laterally micron-sized. EDS of particles on S2D found ca. 2 ± 1 at% S and ca. 1 ± 0.6 at% Cr in particles plus the layer beneath them, because EDS has a probing depth of close to 0.5 µm at the used conditions. Yet, the electron beam did not penetrate the whole LSCF layer, because no Zr peak was seen in the EDS spectrum. Thus, the content of S and Cr in the particles is in reality much higher, and in principle the small particles may consist of S and Cr compounds. The ratio of S:Cr of ca. 2:1 might be interpreted as formation of particles that have a composition of SrSO 4 and SrCrO 4 with some K in solid solution or a Kcompound on top of the particles. Fig. 7 reveals that surface areas away from the particles shows increased La and Na ion intensities that might be interpreted as LSCF depleted in Sr and with less than "average" Na impurity in accordance with the EDS measurements. Figure 6 . TOF-SIMS ion images (10x10 mm 2 ) of the same LSCF thin films as in Fig. 5 . There is essentially no Na or Zr (which is only seen in the bottom of the 300 µm x 300 µm holes after depth profiling) on the as-deposited electrode surface and minor Si and Cr. On the heat treated thin film Si is present on the YSZ and Cr has segregated to the electrode surface. The intensity in each image is normalized. Thus, the intensities can be compared meaningfully for a given element after different treatments, but intensity changes from one element to another should not be compared. 
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LSCF Pellets
Sintered LSCF pellets were heat treated at 680°C, 750 °C and 1000 °C in synthetic air. In all cases formation of particles on the surface was found as a result of the heat treatment. Raman spectroscopy indicated different compositions depending on the temperature. Fig. 9 shows an example of a Raman spectrum from the pellet heat treated for 200 h at 750 °C. It is a quite complex spectrum and some possible phases that at least partly could fit the spectrum are shown. SEM reveals that on this sample, particles from nanometer size and up to aggregates of 20-40 µm in diameter had appeared. EDS performed on the same phase showed a simple composition with sulfur, strontium and chromium ( Fig. 10 ). Both strontium sulfate and strontium chromate have been shown to form on LSCF in the presence of external Cr and S sources (14) . However, it is important to note here that all samples were heat treated in artificial air made by mixing clean N 2 with clean O 2 . Thus, it seems that the sulfate-chromate particles were formed by segregation of S and Cr impurities, 230 ppm and 70 ppm, respectively, in the as-delivered LSCF powder.
The findings here make us put forward the hypothesis that fortunately it will be very difficult to form such segregated surface layers and particles on top of submicron particles of LSCF mixed with CGO in the technical composite oxygen electrodes. In case of the technical composites, sulfate and chromite particles may form inside the composites, but as more or less separate particles. Actually, the activation often seen during the early (from hours to weeks) stage of testing of composite electrode in full cells, might be due to similar processes as those that passivates the surfaces of the thin film model electrodes and pellet surfaces. From similar considerations, we also hypothesize that it will be the more difficult to passivate a model electrode, the thinner it is. 
Conclusion
LSF and LSFC perovskite surfaces will be covered with segregated Sr 2+ and La 3+ compounds that partly may consist of impurities originating from the perovskite starting material after relative few hours at 680 °C. Furthermore, the available evidence points to the perovskite surfaces being dynamic with relatively fast changes that are visible within periods of few hours with developments continuing for hundreds of hours. The suggestion that segregation of Sr 2+ should take place in vacuum at room temperature was not confirmed. The relatively complicated Raman spectrum might indicate that the surface structures are not consisting of well-defined simple crystal compositions, but rather of crystals of mixed Cr and S impurity oxides. Finally, the results lead us to the hypothesis that the effect of these segregation tendencies on flat surfaces of model electrodes may turn out very differently in the SOC technical nano-composites.
